Abstract An important pattern in host-parasite assemblages is a higher intensity of parasites in juveniles than in adults, but the reasons for these differences remain obscure. Three non-mutually exclusive hypotheses have been proposed: (1) heavily parasitized juveniles die before being recruited into the adult population ('selection' hypothesis); (2) the development of an acquired immunity by the host in front of the parasite reduces the intensity of the parasite in adult hosts ('immunity' hypothesis); and (3) differences in behavior makes adults less exposed to the parasite than juveniles ('vector exposure' hypothesis). Having rejected the 'vector exposure' hypothesis in a previous study, here we tested the 'selection' and 'immunity' hypotheses in feral pigeons (Columba livia) infected by the blood parasite Haemoproteus columbae. In agreement with the 'selection' hypothesis, young (but not adult) pigeons that were highly parasitized had a lower probability of surviving until adulthood, independent of their body condition. However, selection was not strong enough to account for the observed differences in parasite intensity between ageclasses, and after selection parasite intensity of survivors still remained 85% higher in juveniles than in adults. In contrast, the 'immunity' hypothesis offered a greater explanatory power. The intensity of blood parasites in young pigeons, but not in adults, decreased over time so dramatically that by the time they had become adults their intensities were indistinguishable from that typically seen in adults. Therefore, while selection against highly parasitized juveniles can contribute to some extent to a reduction in parasitism seen in the adult population, agespecific blood parasitism in feral pigeons is best explained as a transitory phase just before the host develops an effective immune response.
Introduction
Quantifying and interpreting patterns in host-parasite interactions is essential for understanding the ecological and evolutionary implications of parasites on their hosts and, ultimately, on ecosystems. A common pattern observed in host-parasite assemblages is a higher intensity of parasites in juveniles compared with adults (reviewed in Hudson and Dobson 1997) . This pattern has been found in both human (e.g. Graves et al. 1988 ) and non-human mammals (e.g. Gregory et al. 1992) , and is also widespread in birds (e.g. Allander and Bennett 1994; Dawson and Bortolotti 1999) . The reasons why juveniles tend to exhibit higher intensities of parasites than adults is an issue of considerable theoretical interest. A higher abundance of parasites in juveniles is probably one of the factors responsible for the high mortality that young animals experience (e.g. Wunderle 1991) , and it is well established that such age-specific mortality can affect a number of important ecological and evolutionary processes. For example, an increase in juvenile mortality induced by parasites has recently been argued to favor the evolution of reduced clutch sizes in birds (Martin et al. 2001) . Thus, to fully understand host-parasite assemblages, it is important to investigate the causes that make the parasite vary in abundance and virulence among the different development stages of the host.
Three non-mutually exclusive hypotheses have been proposed to explain why juveniles tend to exhibit higher intensities of parasites than adults (reviewed in Gregory et al. 1992 ): (1) heavily parasitized juveniles die before they may be recruited into the adult population ('selection' hypothesis); (2) the development of an acquired immunity by the host in front of the parasite reduces the intensity of the parasite in adult hosts ('immunity' hypothesis); and (3) differences in behavior makes adults less exposed to the parasite than juveniles ('vector exposure' hypothesis). Evidence in human and non-human mammals tend to favor the 'immunity' hypothesis (Hudson and Dobson 1997) , but studies to date have neither examined this question in birds nor studied all three hypotheses together. Thus, the causes underlying the age-related pattern of parasitism remain obscure.
Here, we explore for first time the different hypotheses that might explain why juveniles suffer higher parasite levels than adults. Our study subjects, Haemoproteus columbae (Kruse) infecting feral pigeons (Columba livia, Gmel), represent a particularly suitable model system for exploring these questions. First, young pigeons suffer intensities of H. columbae between three and five times that of adults . Second, pigeons are relatively easy to monitor in the field and, hence, it is possible to accurately assess how variation in parasite intensity influences survivorship of individuals (Sol 2000) . Finally, H. columbae is one of the best-known blood parasites of birds and essential information about its cycle is already available (Atkinson and van Riper 1991) . The possibility that age-specific parasitism was associated with differential exposure to the parasite was previously rejected, since the vector that transmits the parasite was not found more frequently in juveniles than adults (Sol et al. 2000) . The two remaining hypotheses are not mutually exclusive, but each makes different predictions. The 'selection' hypothesis predicts that highly parasitized young pigeons should be less likely to survive until adulthood than less parasitized ones. We tested this hypothesis by examining the occurrence of parasiteinduced survival selection within juvenile and adult pigeons. The 'immunity' hypothesis, on the other hand, predicts a decrease in infection in juveniles until adulthood, whereas it remains at low levels in adults. We tested this second hypothesis by monitoring the progression of the infection in juveniles until adulthood and that in adults over a similar period time. The integration of the results from these two distinct approaches allowed us to assess the relative contribution of each hypothesis to the age-specific parasitism in pigeons.
Materials and methods
We captured and sampled free-living feral pigeons in the urban area of Barcelona, Catalonia (NE Spain). Each bird was banded and two blood smears were obtained to measure the intensity of blood parasites. Blood smears were obtained from a drop of blood squeezed from a clipped toenail onto a glass slide (Davidar and Morton 1993) . Each slide was rapidly air dried, fixed with methanol for 10 min and stained with Giemsa stain. A magnification of 1,000 was used to quantify blood parasites. All haemoparasites observed were determined as Haemoproteus columbae (Apicomplexa: Haematozoa) according to the description of the macro and microgametocytes in Bennett and Peirce (1990) . The intensity of parasites was calculated as the sum of the number of parasitized red blood cells counted in 100 microscopic fields by moving randomly over the slide in areas where the blood cells formed a monolayer (Bennett et al. 1995) . The repeatabilities of our measures of intensity were high, both within the same smears (r=0.99, F 1,38 =4,852.3, P<0.0001) and between replicated smears from a same individual (r=0.99, F 1,38 =2,490.9, P<0.0001).
Protozoa belonging to the genus Haemoproteus are mostly parasites of birds and are transmitted by ceratopogonid (Diptera, Ceratopogonidae) and hippoboscid flies (Diptera, Hippoboscidae; Atkinson and van Riper 1991) . The species H. columbae is a cosmopolitan parasite of pigeons and is transmitted by the hippoboscid fly Pseudolynchia canariensis . The parasite has an asexual phase in the lung cells of the pigeon and a sexual stage in the red blood cells (Atkinson and van Riper 1991) . After 21-32 days of prepatent period (Ahmed and Mohamed 1977, cited in Atkinson and van Riper 1991) , gametocytes (the transmissible stage) appear in the circulating blood. In the blood, the intensity of H. columbae follows the three typical phases of most microparasites (e.g. Hudson and Dobson 1997; Valkiünas 1997) : first, the parasite appears in small numbers in the bloodstream (acute phase); then it experiences a rapid increase in which it reaches a maximum (crisis phase); and finally, the parasite reduces dramatically its numbers remaining in lower densities (chronic or latent phase).
Test of the 'selection' hypothesis
To study the occurrence of parasite-induced survival selection in pigeons, from June to July 1996 we captured a total of 18 young and 46 adult pigeons within the installations of the Zoològic de Barcelona. Young pigeons (i.e. individuals less than 6 months old) were distinguished from adults according to the color of the cere and the iris (Kautz and Seamans 1986) . Because a previous study found no evidence of sex-related differences neither in prevalence nor in intensity of H. columbae in two pigeon populations , we did not consider sex in the next analyses. Pigeons were marked with metallic and patagial tags, sampled for blood parasites, measured and immediately released. All individuals were found to be parasitized by H. columbae. We measured the wing length and mass to assess body condition of individuals. The marked population was monitored by periodical census (one or two non-consecutive days per week, n=107 days) to identify those individuals that were alive 6 months after banding. A 6-month period is more appropriate here than the usual 1-year period because juvenile mortality is extremely high in the population (Sol et al. 1998 ). We define "survivors" as individuals that were seen after the 6-month period, whereas "nonsurvivors" were individuals not seen later. We are confident that the main cause of disappearance is mortality rather than dispersal as pigeons showed a high site-fidelity in the study area (Sol and Senar 1995) . In addition, censuses were conducted over a much larger area than the pigeons' home ranges, and were continued long after the number of detected individuals had reached its asymptote, to maximize the detection of survivors (Sol 2000) .
To demonstrate survival selection against the most parasitized birds, we estimated directional selection differentials (Endler 1986) and cubic splines (Schluter 1988) . The directional selection differential (S i ) for the survival analysis was estimated as the covariance between relative fitness and parasite intensity, and tested for significance using a logistic regression (Endler 1986 ). Analyses were performed on square-root transformed data standardized by dividing by the standard deviation (Lande and Arnold 1983) . Fitness curves estimated using cubic splines (Schluter 1988) were used to further confirm the selection pattern. The cubic splines were estimated with the program GlmWIN developed by D.
Schluter. To assess if selection alone was strong enough to cause the observed differences in parasitemia between juveniles and adults, we compared the selection differential obtained in the survival analysis with that estimated using juveniles and adults as the before-selection group and adults as the after-selection group.
Because we detected selection in juveniles, we also investigated whether this was directly caused by the parasite or was an indirect result of a hypothetical correlation with body condition. The direct effect of the parasite was estimated by multiple regression (Lande and Arnold 1983) , using the relative fitness of individuals (w) as the dependent variable and parasite intensity, body mass and wing length as independent variables. The method used here to control for body condition is that proposed by García-Berthou (2001) , who suggested that including body mass and a measure of body size (wing length in our case) in the same regression model is generally more appropriate than using the residuals of a log-log regression of body mass against body size. The two variables were previously normalized by log-transformation. Partial regression coefficients were used to estimate the directional selection components (the selection gradient b).
Test of the 'immunity' hypothesis
To test the 'immunity' hypothesis, we captured free-living feral pigeons (both juveniles and adults) from February to May 1998 at the Experimental Campus of the Universitat de Barcelona (see Sol et al. 2000 for details) . The blood sampling determined that all individuals were parasitized by H. columbae. After blood sampling, pigeons were released and from June to August of the same year we tried to recapture as many of them as possible to obtain a second blood smear for assessing possible changes in parasite intensity. We recaptured a total of 12 juveniles and 8 adults of the marked pigeon population. Time between both captures was always greater than 30 days and did not differ between age-classes (Mann-Whitney test, U=14, P=0.18). All juveniles displayed adult morphology when recaptured, making them indistinguishable from the adults. Before analyses, the intensity of blood parasites was square-root transformed to meet the assumptions for a t-test. In some cases, however, the assumption of equality of variances was not met, and then we evaluated differences in means between groups using either Mann-Whitney tests or Wilcoxon Matched Pairs Tests. Throughout the paper, means are reported with the corresponding standard error.
Results

Test of the 'selection' hypothesis
The mortality rate was higher for juveniles than for adults (0.61 vs. 0.33, test of proportion, P<0.05). Similar agerelated differences in mortality have also been found using larger sample sizes (D. Sol, in preparation), which suggests that our sample is representative of the population. Before selection, parasite intensity in juveniles was 93.8% higher than that of adults (t 62 =6.91, P<0.0001; Fig. 1 ), but after selection important changes were observed. The directional selection differential revealed that in juveniles mortality was associated with parasite intensity, nonsurvivors being significantly more parasitized than survivors (S i =0.377, P=0.04). Fitness analyses with univariate cubic splines indicated a maximum in the probability of survivorship associated with low levels of parasites, confirming the existence of selection against highly parasitized birds (Fig. 2) . In adults, no similar selection was detected (S i =0.093, P=0.19).
Therefore, selection associated with parasitism was mostly restricted to the juvenile period. The possibility that body condition, rather than the parasite, was the direct cause of juvenile mortality is not supported in our data, since juvenile mortality still remained associated with parasite intensity after controlling for body condition (b=0.486€0.202, t 14 =2.40, P=0.03).
Yet even with strong selection against the most parasitized individuals, selection was insufficient to account for the differences in parasite intensity observed between juveniles and adults. The selection differential using juveniles and adults as the before-selection group and adults as the after-selection group was estimated as 0.409, a value that is superior to the differential estimated in the survival selection analysis. Thus, not surprisingly, parasite intensity after selection was still 84.5% higher in juveniles than in adults (t 52 =3.92, P<0.0002; Fig. 1) , with a clear segregation between the values of the two groups. For example, a discriminant analysis revealed that parasite intensity alone allowed correct classification of 72% of juveniles and 95% of adults (Wilks' Lambda: 0.560, F 1,61 =47.754, P<0.0001; Fig. 3 ). Therefore, selection alone cannot explain the 
Test of the 'immunity' hypothesis
At the initial capture, parasite intensity in juveniles was 76.3% higher than that of adults (Mann-Whitney test, U=17.5, P=0.009; Fig. 4) . However, when juveniles were re-captured showing adult morphology, their intensities had undergone a dramatic decline (Wilcoxon Matched Pairs Test, Z=2.59, P=0.009) . This decrease was observed in all but one individual, which had instead experienced an increase in parasite intensity. No similar reduction in parasite intensity was observed in adults (Z=1.40, P=0.16), except in one individual which had an initial intensity that was abnormally high for adults. As a result of the reduction in parasites in juveniles and the relative stability in adults, the parasite intensity of juveniles in the recapture was indistinguishable from that found in adults (t 19 =0.96, P=0.35; variables previously square-root transformed to meet the requirements of a t-test; Fig. 4) . The lack of difference is not just a result of insufficient power of the test (power=0.2), but reflects the convergence in parasite intensity of juveniles to values similar to those found in adults. Thus, while in the initial capture more than half of individuals had parasite intensities outside the range seen in adults, in the re-captures only 2 out of 12 juveniles remained with parasite intensities outside the adult range (Fig. 5 ).
Discussion
The pathogenesis of Haemoproteus on their bird hosts has been the subject of some controversy in the past, mostly among laboratory and field researchers (Atkinson and van Riper 1991) . Previous evidence from experimental infections in captivity, coupled with additional anecdotal data from moribund birds, suggests that Haemoproteus has important pathogenic effects on their hosts (reviewed in Atkinson and van Riper 1991; Atkinson 1999 ). Yet, studies in wild bird populations have been incapable to provide similar evidence in the field. Bennett et al. (1988) , for example, reported no differences in body mass between infected and uninfected birds of 15 passerine species. Siikamäki et al. (1997) did not detect differences in survivorship between uninfected pied flycatchers (Ficedula hypoleuca) and those infected by Haemoproteus species. Merino et al. (2000) reported that blue tits (Parus caeruleus) treated with a medication against blood parasites tended to increase their reproductive success compared to untreated control tits. Yet, they failed to identify the parasite that was responsible of the effect, Fig. 3 Frequency distribution of intensity (number of parasitized red blood cells counted in 100 microscopic fields, square root transformed) of Haemoproteus columbae in juveniles and adults before the episode of natural selection Fig. 4 Changes in the intensity (mean€SE number of parasitized red blood cells counted in 100 microscopic fields) of Haemoproteus columbae between the first capture and the recapture in juvenile and adult pigeons (**means P<0.01; NS means non-significant) Fig. 5 Frequency distribution of intensity (number of parasitized red blood cells counted in 100 microscopic fields, square root transformed) of Haemoproteus columbae in juveniles and adults on A initial capture and B re-capture since the treatment affected not only Haemoproteus parasites but also Leucocytozoon parasites, a genus well known for its important pathogenic effects (Atkinson and van Riper 1991) . Finally, Dawson and Bortolotti (2000) found that females (but not males) of the American kestrel (Falco sparverius) with highest joint intensities of two Haemoproteus species were less likely to return from their wintering quarters the following year (Dawson and Bortolotti 2000) . But, this study could not separate survival from dispersal, and therefore also failed to demonstrate that the parasite caused the death of the females. Thus, for some time, researchers have faced the paradox of using Haemoproteus as a model to address important ecological and evolutionary questions (e.g. Hamilton and Zuk 1982; Poulin et al. 2000) , while having no compelling evidence that it causes a detrimental impact on wild animals.
Our study provides the first solid evidence for a pathogenic effect of Haemoproteus on a wild bird population, and thus reconciles long-time discrepancies between field and laboratory studies. We found that young pigeons with high parasitemias were less likely to survive until adulthood than less parasitized ones, but no similar effect was found in adults. Interestingly, the influence of the parasite on juvenile survival was not found to be a by-product of differences in body condition between individuals. This last result is consistent with a recent experiment in which we found no evidence for a link between body condition and intensity of H. columbae in feral pigeons (D. Sol and R. Jovani, in preparation) . The possibility that mortality was a correlated effect of other blood parasites may also be discarded, since H. columbae was the only blood parasite detected in the blood samples (see also Sol et al. 2000) . Taken together, these lines of evidence strongly suggest that the parasite cause severe injuries on their hosts. In addition, the results emphasize that the damage produced on the host greatly depends on the abundance of parasites, the effects being only important when the intensities are very high (i.e., in some juveniles). The idea that is the intensity of the parasite, rather than its presence per se, what has fitness consequences is generally under-appreciated in the ecologically-oriented parasite literature, but is clearly suggested when one examines the possible mechanisms through which the parasite may impact on the host. For example, a high density of the parasite could have important effects on the general functioning of the animal by altering the efficiency in the transport of oxygen to the different parts of the body. This is to be expected not only because H. columbae enters the blood cells, but also because it has an asexual stage in the cells of the lung (Atkinson and van Riper 1991) . Similarly, some laboratory evidence suggests that, at high intensities, Haemoproteus can cause severe injuries on their avian hosts by direct tissue damage (reviewed in Atkinson and van Riper 1991; Atkinson 1999) . The intensity of the parasite appears thus to be a more reliable predictor of the parasite virulence than its prevalence, which could explain why Siikamäki et al. (1997) or Bennett et al. (1988) did not detect any difference in survivorship or body mass between infected and uninfected birds. Overall, our findings indicate that the impact of Haemoproteus species on their host, and ultimately on population dynamics, should be reconsidered.
The link between parasite intensity and survival would at first appear to be consistent with the 'selection' hypothesis: adults have lower parasite intensity than juveniles because heavily parasitized juveniles die before they may be recruited into the adult population. However, selection in juveniles was not strong enough to account for the observed differences in intensity between juveniles and adults and, after selection, parasite intensity was still considerably higher in juveniles than in adults. In addition, there was a clear segregation between the values of parasite intensity observed in juveniles and those seen in adults, which means that some changes in parasite intensity were necessary in juveniles to achieve values similar to those usually seen in adults. Thus, the 'selection' hypothesis accounts for only a minor part of the difference in parasite intensity seen between age classes in pigeons. In contrast, the 'immunity' hypothesis offers a greater explanatory power. We found that the intensity of blood parasites in young pigeons, but not in adults, dramatically decreased over time. This reduction was so significant that, by the time juveniles had become adults, their intensity was indistinguishable from that typically observed in adults. This is consistent with the idea that after a certain length of exposure, individuals acquire some degree of immunity against the parasite and are thus able to suppress the intensity of the infection (Atkinson and van Riper 1991) . In our study population, the vector is relatively abundant and the rate of parasite transmission is high . This means that almost all individuals are infected as juveniles and are continuously re-infected throughout their life . Interestingly, while adults are subject to a continuous entrance of new parasites, only juveniles suffer high parasite intensities. This suggests that only initial infections are characterized by high intensities of H. columbae. Thus, the common parasite cycle shown by Haemoproteus parasites with a high initial intensity and a rapid decline in a given host seems to be consequence of the action of the immune system of the host, rather than an adaptive response of the parasite within the host. Because the first infection tends to occur early in the life of pigeons, most adults must have already acquired some degree of immunity against the parasite when were examined for parasites.
We therefore conclude that there is selection against highly parasitized juveniles, but this can only partly explain the higher parasite intensity of juveniles compared to adult pigeons. This difference is likely to be best explained by the fact that juveniles have not yet acquired a complete immune response against the parasite. The high parasitemia in juvenile pigeons may thus be mostly viewed as a transitory phase that may be crucial for the survivorship of individuals.
